Ge/SiGe multiple quantum wells are presented as efficient material for roomtemperature thermoelectric generators monolithically integrated onto silicon. We have deposited and characterized 10-lm-thick heterostructures engineered for lateral devices, in which both heat and current flow parallel to the multilayer. In this paper we investigate in detail the structural and interface quality by means of x-ray diffraction and transmission electron microscopy. Thermoelectric measurements, giving a figure of merit of 0.04 to 0.08, together with mobility spectra and defect analysis suggest possibilities of even higher efficiency. Nevertheless, the high power factor of 2 mW/K 2 m to 6 mW/K 2 m is promising for applications.
INTRODUCTION
Thermoelectric devices are presently used for both power generation and cooling. The efficiency of a thermoelectric material is evaluated by the figure of merit ZT = a 2 rT/j, where a is the Seebeck coefficient, r is the electrical conductivity, j is the thermal conductivity, and T is the absolute temperature in Kelvin. 1 For bulk materials the Wiedemann-Franz law prevents effective enhancement of ZT since charge carriers also efficiently carry heat.
Low-dimensional systems such as superlattices (SLs) have been proposed 2 to overcome the ZT bulk limit, and several experimental results with various materials have been reported in the last two decades, confirming the potential of such an approach.
Compared with Bi 2 Te 3 /Sb 2 Te 3 , the material system with the best performance at room temperature at present, 3 Ge/SiGe devices constitute an interesting option, driven by a mature growth technology, and featuring materials which are sustainable and compatible with complementary metal-oxide-semiconductor (CMOS) micropower systems.
We have deposited and characterized Ge/Si 1Àx Ge x multiple quantum well (MQW) structures on Si substrates for microfabricated thermoelectric generators monolithically integrated on silicon. The MQW structure is intended for lateral transport in which quantum confinement effects are expected to enhance r and a. In this work we present results from p-type structures.
HETEROSTRUCTURE AND GROWTH
The structures are p-type modulation-doped Ge/ Si 1Àx Ge x MQWs in which heat and current flow occur along the in-plane direction. The two-dimensional (2D) density of states featured by quantumconfined carriers is expected to increase the Seebeck coefficient. 2 Furthermore, in modulation-doped QWs, carrier mobility and hence electrical conductivity are For such a device every layer constituting a parallel path for heat flux is detrimental for thermal characterization. Therefore, silicon-on-insulator (SOI) substrates have been used to enable the fabrication of suspended devices. Moreover, the thickness of the Si 1Ày Ge y buffer, which acts as virtual substrate for the MQW stack, must be reduced as much as possible. We used a thin Si 1-y Ge y relaxed buffer. The threading dislocation density (TDD) measured using plan-view transmission electron microscopy is roughly 10 9 cm À2 . To realize a generator it is important to achieve useful thermoelectric properties, above all the output power. Therefore, the MQW stack must be several microns thick. The samples have been grown using low-energy plasma-enhanced chemical vapor deposition (LEPECVD). 5 Indeed, this technique is capable of depositing high-quality thick Ge/ SiGe heterostructures at high rate.
The schematic of the heterostructure is shown in Fig. 1 . The SOI substrate featured a 1 lm buried oxide layer and 340 nm device Si layer. A 1-lmthick relaxed Si 0.2 Ge 0.8 buffer was grown at high growth rate (5.5 nm/s) and at 525°C. The MQW stack was deposited on top of the buffer at an intermediate growth rate (1 nm/s to 1.5 nm/s) and a substrate temperature of 475°C. The MQWs consisted of 17.5 nm tensile-strained modulationdoped 4 Si 0.3 Ge 0.7 barriers and 9 nm compressively strained intrinsic Ge QWs, giving a nominal period of 26.5 nm. The structure was repeated 378 times to obtain a 10-lm-thick superlattice. The doping concentration in the doped layers is roughly 1 9 10 19 cm
À3
. The thicknesses have been chosen to achieve strain symmetrization 6 and match the Ge content of the buffer, preventing nucleation of additional defects.
The heterostructures were characterized by highresolution x-ray diffraction (HRXRD) and high-resolution and scanning transmission electron microscopy (HRTEM and STEM).
HIGH-RESOLUTION X-RAY DIFFRACTION CHARACTERIZATION
HRXRD was used to characterize multilayer composition, strain, thicknesses, and quality. Reciprocalspace maps (RSMs) were taken around the (004) and (224) Bragg reflections. HRXRD measurements were performed using a PANalytical X'Pert PRO MRD high-resolution x-ray diffractometer: the system is equipped with a hybrid mirror and two-bounce asymmetric Ge monochromator for a high-intensity Cu K a1 beam (k = 0.15406 nm). Figure 2a and b, respectively, show (004) and (224) RSMs of a 378-period multilayer. The periodic series of so-called satellite peaks which characterize periodic structures is present besides the peaks corresponding to the Si substrate and the SiGe buffer. The superlattice period can be directly calculated from the inverse of the satellite period, while the average Ge content and strain are obtained from the position of the zeroth-order peak in reciprocal space. For this sample the average Ge content of the MQW stack is 82.59% and the period is 24.97 nm.
The intensity profiles through the satellites (along Q z ) are related to the composition and thickness of the individual layers. These data for the barriers and the QWs can be extracted very accurately by fitting the whole scan with fully dynamical Takagi-Taupin scattering theory simulations. 7 These fits require the strain condition of the structure (i.e., the in-plane lattice parameter of the MQW) as input, taken from the (004) and (224) RSMs. Figure 3 shows an x-2h scan around the symmetric (004) reciprocal lattice point together with the fitted simulation curve. Peaks are broadened along Q z with respect to a perfect structure due to fluctuations of the individual layer thicknesses. A Gaussian distribution of the layer thicknesses was assumed in the simulation. For this sample it was found that thickness fluctuations of around 6% of the average period are present. These findings were confirmed by TEM analysis (see ''Transmission Electron Microscopy Characterization'' section below), which revealed that the fluctuations are most prominent near threading dislocations. Moreover, the simulated intensity for high-order satellites differs from the measured intensity. This is probably related to the nonideal interface profile (whereas a perfect structure Ge
with sharp transitions between QW and barrier was simulated).
TRANSMISSION ELECTRON MICROSCOPY CHARACTERIZATION
HRTEM and STEM were performed in a Tecnai F30ST TEM operated at 300 kV (0.19 nm pointto-point resolution). The specimens were prepared by conventional cross-section preparation (mechanical prepreparation and Ar-ion etching). In this work we analyzed mainly interface quality and features.
The layers were found to undulate in a manner which evolves along the multilayer thickness (Fig. 4a, b) . The lateral scale of the thickness fluctuations was measured to be 40 nm to 50 nm over all the stack. The bottom layers present a thickness variation of 2 nm to 4 nm which reduces to 1 nm to 2 nm after 1 lm. The top part of the structure shows almost flat interfaces. The origin of such evolution is still under investigation, while the local thickness variation itself is probably due to the presence of threading dislocations, which tend to thin the Ge layers (Fig. 4c) . In addition to this effect, it is clearly possible to notice that the Si-rich layers (dark contrast in Fig. 4) tend to flatten the surface, while the Ge layers result in a rougher surface. This is related to the strain present in the multilayer: tensile for the barrier, compressive for the QW. We also performed atomically resolved STEM to evaluate local interfacial widths (Fig. 5a, b) . We found a difference between the bottom and top of the Ge layer: 2 and 3 unit cells, respectively. This difference could be tentatively attributed to the higher roughness which characterizes Ge layers.
THERMOELECTRIC CHARACTERIZATION
We performed thermoelectric characterization on a modified suspended Hall bar structure provided with deposited metallic heaters and thermometers. [8] [9] [10] Due to the inhomogeneity of the deposition plasma, the layer thickness varies over the 100-mm wafer and MQW structures with different thicknesses but equal Ge content and strain level are obtained in a single deposition. To evaluate the figure of merit ZT dependence on the QW thickness, such suspended Hall bars were fabricated from different regions of the wafer, having a range of QW thickness between 6.5 nm and 9.5 nm, as measured by HRXRD.
All the measurements were performed at room temperature. We measured electrical conductivity ranging from 25 kS/m to 80 kS/m (±0.5 kS/m) and a Seebeck coefficient between 200 lV/K and 300 lV/K (±1 lV/K), giving a power factor of 2 mW/K 2 m to 6 mW/K 2 m. In the available range of QW thicknesses we measured higher electrical conductivities for thicker QWs, while no trend was found for the Seebeck coefficient. The thermal conductivity was also measured using a differential method to estimate the thermal power flowing in the device. We found a j of 10 W/mK to 30 W/mK, reflecting the behavior of the electrical conductivity, which gives a ZT of 0.04 to 0.08.
OPTIMIZATION
The low ZT value in these MQW structures is mainly due to the high thermal conductivity, which is governed by carrier transport. ZT seems to increase with reduced QW thickness, suggesting that thinner QW structures would give the best ZT.
Doped barrier layers present a parallel path for conduction of both heat and electrical current, so optimization of the modulation doping represents a key point for enhancement of ZT. Mobility spectrum analysis 11 was used to extract information about the electrical conduction in the QWs and in the doped barrier layers parallel path. Two conductive channels were identified, corresponding to the carriers in the QWs (higher mobility) and in the doped barriers (lower mobility). The doped barriers were found to contribute 30% to 50% of the total MQW stack conductivity. These results suggest that doping can be reduced without losing conductivity in the QWs, which would increase the overall mobility. Furthermore, if most of the carriers were in the QWs, the carrier thermal conduction in the barriers would be greatly reduced while the lattice thermal conduction would be dominated by the lower thermal conductivity of the SiGe alloy. Moreover, the unoptimized thin buffer presents a high threading dislocation density (10 9 cm À2 ) which lowers the quality of the structure. In a recent paper the effects of threading dislocations on thermoelectric properties were theoretically studied for similar structures. 12 This work indicates that ZT is limited by the electrical conductivity r, which is reduced by defects. The reduction of the defect density is predicted to significantly improve the figure of merit. For this reason, more complex thin buffers are under development to achieve a lower defect density and thereby verify this theoretical prediction (not presented in this paper).
CONCLUSIONS
We have deposited and characterized thick Ge/SiGe MQWs to understand the viability of such material as an efficient element for thermoelectric generators. HRXRD and TEM confirmed the crystal and structural quality of the heterostructures grown by LEPECVD. Complete thermoelectric characterization has been performed on suspended devices. High electrical conductivity and power factor are interesting for applications, but due to the high thermal conductivity, the figure of merit ZT is quite low. We identified QW thickness, doping optimization, and defect reduction in the thin buffer as key points to enhance ZT to values around 1.
